The aim of this study was to explore the role of vitamin D in rheumatoid arthritis (RA) pathogenesis by investigating the enrichment of vitamin D response elements (VDREs) in confirmed RA susceptibility loci and testing variants associated with vitamin D levels for association with RA. Bioinformatically, VDRE genomic positions were overlaid with non-HLA (human leukocyte antigen)-confirmed RA susceptibility regions. The number of VDREs at RA loci was compared to a randomly selected set of genomic loci to calculate an average relative risk (RR). Single-nucleotide polymorphisms (SNPs) in the DHCR7/NADSYN1 (nicotinamide adenine dinucleotide synthase 1) and CYP2R1 loci, previously associated with circulating vitamin D levels, were tested in UK RA cases (n ¼ 3870) and controls (n ¼ 8430). Significant enrichment of VDREs was seen at RA loci (P ¼ 9.23 Â 10 À 8 ) when regions were defined either by gene (RR 5.50) or position (RR 5.86). SNPs in the DHCR7/NADSYN1 locus showed evidence of positive association with RA, rs4944076 (P ¼ 0.008, odds ratio (OR) 1.14, 95% confidence interval (CI) 1.03-1.24). The significant enrichment of VDREs at RA-associated loci and the modest association of variants in loci-controlling levels of circulating vitamin D supports the hypothesis that vitamin D has a role in the development of RA.
INTRODUCTION
Vitamin D is a steroid hormone that has an important role in many processes. 1 Vitamin D acts through its nuclear receptor, the vitamin D receptor, the expression of which on immune cells raises the question of a role for the hormone in the control of the immune system. Numerous lines of evidence support a regulatory role for vitamin D; indeed the active form, calcitriol or 1,25-dihydroxyvitamin D3 (VitD 3 ), has been found to control over 200 genes including those involved in cell differentiation, proliferation, apoptosis and angiogenesis. [2] [3] [4] The vitamin D receptor acts by binding to specific sequences in DNA known as vitamin D response elements (VDREs), which result in transcriptional regulation of vitamin D-responsive genes.
Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease (AID) that causes inflammation of synovial joints. RA is thought to arise as a result of an autoimmune reaction due to a breach in self tolerance, inducing a type 1 T helper cell-driven immune response that causes infiltration of immune cells into the joint and secretion of pro-inflammatory cytokines. 5 Vitamin D deficiency is common in RA and the active form of vitamin D can alter several aspects of the immune responses, which are pivotal to RA pathogenesis. The cytokine profile of immune cells can be affected; for example, production of interleukin (IL)-2 and interferon-g, which are important immune mediators, by type 1 T helper lymphocytes is inhibited, resulting in a shift towards a regulatory type 2 T helper cell phenotype. Inhibition of interferon-g production also reduces antigen presentation by antigen-presenting cells, and in turn reduces T-cell activation, acting as a negative feedback regulator. 6 Vitamin D inhibits the differentiation of monocytes to dendritic cells, 7 reduces the production of IL-12 by dendritic cells and stimulates phagacytosis of bacteria by macrophages. 8, 9 Boonstra et al. 10 showed that vitamin D increased the production of IL-4, IL-5 and IL-10 by type 2 T helper cells; IL-4 and IL-10 normally act to inhibit type 1 T helper cell function. Vitamin D has also been shown to inhibit the activation of type 17 T helper cells by inhibiting the expression of IL-6. 11, 12 In addition, vitamin D can affect the invasiveness of cultured RA fibroblast-like synoviocytes (FLS), in which higher concentrations of calcitriol were shown to significantly decrease the invasion of RA FLS by 53%. 13 The expression of matrix metalloproteinases (MMP), such as MMP-1 and MMP-2, can also be affected by vitamin D. MMPs are key molecules involved in the destruction of cartilage and bone in RA. IL-1b is known to increase the expression of MMP-1 by RA FLS; Laragione et al. 13 have shown that in both human and rats, treatment of activated FLS with calcitriol significantly inhibited IL-1b-induced expression of MMP-1 by 73-75%.
Given its immunoregulatory potential, a role for vitamin D has been postulated in AIDs. Circumstantial evidence supports this possibility; for example, circulating vitamin D levels have been reported to correlate with the risk of multiple sclerosis, 14 type 1 diabetes (T1D) 15 and Crohn's disease. 16 In RA, decreased serum levels of precursor vitamin D (25(OH)D) and active VitD 3 have been reported in cross-sectional studies. 17 However, findings may be confounded by the decreased physical activity and reduced sun exposure that RA patients with disability experience, which means that it is not clear whether the associations observed are cause or effect. With regards to disease onset, the 1 evidence surrounding vitamin D intake is conflicting. Merlino et al. 18 showed an inverse prospective association between high vitamin D intake and the risk of RA in women from the Iowa health study. However, a large prospective study of 180 000 women showed no association between vitamin D intake and subsequent development of RA. 19 Low serum levels of vitamin D have also been associated with increased disease severity; [20] [21] [22] [23] [24] [25] however, the regulatory genes associated with disease severity may be different to those associated with susceptibility, therefore, there may be a different set of genes regulating disease severity, which remain unexplored for VDRE enrichment.
Thus, there is conflicting epidemiological evidence for a role of vitamin D in influencing disease susceptibility to RA, and differentiating cause from effect is challenging. However, there is emerging genetic evidence that vitamin D levels may be linked to the onset of AIDs. First, a recent study by Ramagopalan et al. 26 determined VDREs throughout the genome using chromatin immunoprecipitation (ChIP), followed by massively parallel sequencing (ChIP-seq). The authors identified VDREs in lymphoblastoid cell lines from two individuals of European ancestry before and after VitD 3 stimulation. In the basal state, before stimulation, 623 genomic sites were identified, whereas after calcitriol stimulation, the number of VDRE sites increased to 2776. The authors demonstrated significant enrichment of VDREs in known AID susceptibility loci, including Crohn's disease, systemic lupus erythematosus, T1D and multiple sclerosis (P-value o0.001 in all diseases). Interestingly, the study also tested 16 RA susceptibility loci and found significant VDRE enrichment (Po0.001). However, only 9 of the 16 loci have been confirmed to be associated with RA; in addition, there are now 45 non-HLA (human leukocyte antigen) loci confirmed to be associated with RA susceptibility. 27 The second piece of genetic evidence to support a role for vitamin D in the aetiology of AID comes from a recent study in a T1D cohort, this study confirmed the association of four vitamin D metabolism genes (GC, DHCR7/NADSYN1, CYP2R1, CYP24A1) with vitamin D levels in healthy controls; in addition, two of these genes showed association with T1D susceptibility (DHCR7 P ¼ 1.2 Â 10 À 3 and CYP2R1 P ¼ 3.0 Â 10 À 3 ). 28 The association of the same variants in the same genes that control circulating levels of vitamin D with an AID provides an unbiased test of the hypothesis that vitamin D levels are important in the aetiology of AIDs (Mendelian randomization). 29 Therefore, the aims of the current study were, first, to investigate potential enrichment of VDREs in RA susceptibility loci that have been confirmed to date; 27 second, to test variants previously associated with circulating levels of vitamin D and T1D susceptibility for association with RA susceptibility.
RESULTS

Enrichment of VDREs at RA loci
Out of the 46 RA regions defined by gene, a total of 39 VDREs were identified in 17 RA regions, showing that 37% of RA regions contain VDREs. The relative risk (RR) for RA-associated genes harbouring VDRES compared with random genes was 5.5 (95% CI 2.55-26.33) ( Table 1) .
Analysing the data using a simple 2 Â 2 table also showed a significant increase in VDREs in RA-associated loci compared with the rest of the protein-coding genes in the genome obtained from ensembl build 65, P ¼ 1. 
40.8).
Weak association (P ¼ 0.04) was seen at rs11600569, which is in complete linkage disequilibrium with the vitamin D SNP associated with T1D (rs12785878); the OR is the same in both diseases (OR 1.07) ( Table 2) . 28 Association was seen between rs4944076, located in an intron of NADSYN1 and RA (P ¼ 0.008, OR 1.14, 95% CI 1.03-1.24) after principal components analysis to correct for geographical variation ( Figure 1 , Table 2 There are some points that should be considered when interpreting these results. Primarily, the RA-associated genes as defined by this study may not represent the true causal gene. Indeed, when genes are assigned to loci, any functionality that is associated is largely speculative, and involves variants being assigned to the nearest gene, or to a gene in the region that is a plausible biological candidate. Therefore, we used GRAIL (gene relationships across implicated loci), which is the best method to assign genes to loci in a non-biased fashion. We also used a position-based approach, as well as a gene-based approach, with the assumption that a causal gene will lie reasonably close to the currently defined associated variant. However, associated variants may not exert their effects on nearby genes, but may be acting on genes some distance away in cis or trans.
30
Although most regions have been fine-mapped using the immunochip (a custom SNP array designed for dense genotyping of 186 loci identified through genome-wide association studies), 27 in large sample collections, it is possible that the true causal variants are not the currently defined RA-associated variants or those in tight linkage disequilibrium with them and, indeed, independent associations may exist in already confirmed susceptibility loci. Therefore, more causal variants may exist within VDREs than indicated here, and functional studies to define causal SNPs will be necessary to understand the full picture. Figure 1 . Fine mapping results showing the À log 10 P-values of SNPs in the DHCR7/NADSYN1 region associated with RA. The P-value threshold is set at 1.3, which is equivalent to a P-value of 0.05. Reference sequence genes are shown in blue, HapMap LD is shown in red. SNPs in the region previously associated with circulating levels of vitamin D through GWAS are shown in green.
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Finally, it is possible that some genes and SNPs included in the randomized control groups will ultimately be associated with RA, once all contributing genetic factors have been identified. However, that would reduce the likelihood of a difference being observed between currently defined RA loci and random non-RAassociated loci, and would be more likely to lead to a type 2 error.
Reassuringly, results from the two methods to define RA regions produced very similar results. In addition, defining region by position showed an increased RR compared with defining regions by gene (RR 5.86 and RR 5.50, respectively) ( Table 1 ), suggesting that as the regions are more specifically centred on the RA-associated variant, VDRE enrichment increases.
Several studies have found reduced vitamin D levels in individuals with RA and other AIDs, 14, 16, 17, 19 but determining whether their association with disease is cause or effect is challenging. However, several SNPs have been reproducibly associated with vitamin D levels: 28, 31 if the same SNPs are also associated with disease, it provides strong evidence that the pathway is causal (Mendelian randomization). 29 In the current study, the genetic results are of borderline significance; a SNP perfectly correlated (r 2 ¼ 1) with the T1D-associated variant showed modest association (rs11600569 P ¼ 0.04) after correction for geographical variation. Although this association would not remain significant after correction for multiple testing, it is interesting to note that the effect size seen for the association of this SNP with RA is the same as was previously identified in T1D (OR 1.07), 28 increasing the plausibility of this result. In addition, we have shown association between other SNPs in the DHCR7/ NADSYN1 locus and RA (P ¼ 0.008), and although these SNPs have not been previously associated with vitamin D levels, since the association between SNPs in this region and vitamin D levels was identified by genome-wide association studies, the causal variant in the region responsible for altering vitamin D levels has not yet been determined, and it is possible that a secondary association in the region could be identified.
All variants associated with vitamin D levels ( Table 2 ) are intronic variants. The most associated variant rs4944076 lies in an intron of NADSYN1. Bioinformatics analysis using the programme ASSIMILATOR 32 that retrieves and queries the experimental data generated by ENCODE, which is available on the UCSC web browser, has shown that rs4944076 lies within a region of open chromatin, DNase 1 hypersensitivity and histone modification, suggesting possible regulatory potential. In addition, one SNP, rs4944997, has been found to be an expression-quantitative-trait locus, potentially regulating the expression of NADSYN1. 33 However, the associations at this locus are modest and will require replication and identification of the functional variant before speculation of the functional effect of the variant can be determined.
The main source of vitamin D comes from endogenous production in the skin after exposure to UVB light from the sun, which results in the conversion of 7-dehydrocholesterol (present in the skin) to pre-vitamin D 3 . This is then metabolized in the liver by CYP2R1 and CYP27A1 enzymes to form 25(OH)D, the major circulating form of vitamin D that is converted to its active form 1,25-(OH)2D3 (calcitriol) in the kidneys by CYP27B1. DHCR7 encodes an enzyme that catalyzes the conversion of 7-dehydroxycholesterol to cholesterol, which removes pro-cholesterol from the vitamin D pathway, reducing the availability of 7-dehydrocholesterol for conversion to 25(OH)D. We could speculate that variants resulting in increased DHCR7 activity could, therefore, lead to increased removal of 7-dehydrocholesterol from the vitamin D pathway, causing vitamin D deficiency.
In conclusion, analysis of all 45 confirmed RA non-HLA susceptibility loci to date has shown a significant enrichment of VDREs at RA loci; in addition, we have shown the modest association of SNPs, previously associated with vitamin D levels, with RA. Validation of this finding is required in larger, independent studies. If confirmed, the genetic association along with the significant enrichment of VDREs in RA-associated loci would provide supportive evidence for the involvement of vitamin D in RA, and may pave the way for future trials of vitamin D therapy to prevent RA.
MATERIALS AND METHODS
Analysis of enrichment of VDREs at RA loci
The enrichment of VDREs at confirmed RA loci 27 was investigated bioinformatically to compare the genomic location of defined RA loci with the genomic positions of VDREs identified by Ramagopalan et al. 26 A total of 2776 VDREs identified by ChIP-seq in lymphoblastoid cell lines after VitD 3 stimulation were obtained from Ramagopalan et al., and were assigned to the nearest gene within 100 kb using the Ensembl genome browser (www.ensembl.org) build 65. The 100 kb threshold was selected arbitrarily; it is possible that VDREs act on more distant genes, however it has been shown that calcitriol-responsive genes have a VDRE at a median distance of 66.6 Kb from the transcription start site.
RA loci were defined using the ensembl genome sequence in two ways:
(1) First, regions were defined based on the most plausible candidate gene, a query gene list was created using the 45 non-HLA loci defined in a recent study by Eyre et al. 27 (Supplementary Table 1 ). Each associated SNP from this study was assigned to the most functionally plausible candidate gene using GRAIL. 34 GRAIL uses the literature to identify relationships between genes, and selects the best candidate gene in a region in relation to a particular phenotype. One locus contained multiple candidate genes (IL2-IL21), and therefore was included twice, creating a final list of 46 genes in the query list. (2) Second, regions were defined using the base pair position of each associated SNP from Eyre et al. 27 and defining the RA loci by extending 50 kb up-and downstream of each of the associated SNP (one locus IKZF3 had two candidate SNPs, see Supplementary Table 1 ).
The genomic locations of these defined RA loci obtained from Ensembl were then compared with the genomic positions of the VDREs from Ramagopalan et al. 26 using perl scripts to determine the number of VDREs present in RA loci.
To identify an enrichment of VDREs, a comparison set of the same number of random loci was created. Perl scripts were used to select random genes from all protein-coding genes in the genome (except those already associated with RA) or base pair positions from the ensembl genome sequence, and regions were defined in the same way as described for the RA loci. In total, 100 000 randomly selected comparison gene sets were generated and VDRE enrichment was determined by assessing the RR. This was calculated by dividing the number of VDREs in the query gene list by the average number of VDREs in 100 000 randomizations. Some random gene sets will undoubtedly contain zero VDREs, but the risk ratio cannot be calculated if there are no events in the control group. To overcome this problem, 0.5 was added to the total number of VDREs in all gene sets, including the query list.
STATA version 11 (http://www.stata.com) was then used to calculate Pvalues. A w 2 test was performed to test the null hypothesis that the probability of a VDRE existing at a given locus did not depend on whether that locus was close to a region associated with RA risk, by creating a 2 Â 2 table cross-classifying genes by association with RA and presence of a VDRE. As this method does not take into account the number of VDREs in each region, a trend test was performed using a 2 Â N table.
Analysis of SNPs associated with circulating levels of vitamin D
The regions surrounding two genes previously associated with circulating levels of vitamin D and T1D were fine-mapped as part of a larger study 27 (DHCR7/NADSYN1 and CYP2R1). 28, 31 All known SNPs in the region from HapMap and the 1000 genomes project low-coverage whole-genomesequencing pilot were included for fine mapping. Genotyping was carried out using a custom Illumina infinium genotyping chip, in 4752 UK RA cases and 9006 UK RA controls (described previously 27 ). As the DHCR7/NADSYN1 locus lies in a region identified by the Wellcome Trust Case Control Consortium (WTCCC) 35 to be a region in which allele frequencies show geographic differentiation in the UK, principal components analysis 36 was carried out (described previously 27 ) to correct for this. The study was approved by the North West Ethics Committee (MREC 99/8/84).
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